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1. Model Description
The Regional Acid Deposition Model (RADM) (Chang et al., 1987) was used as the basis

for the Extended RADM.  The RADM is an Eulerian model that was developed under the
National Acidic Precipitation Assessment Program (NAPAP) to address regional
photochemistry, aqueous chemistry, cloud processes, transport and wet and dry deposition. A
primary deficiency in the use of RADM to study nitrogen deposition and inorganic particles,
however, was the lack of representation of the important role of NH3 to affect deposition and
particle composition through conversion of HNO3 to NO3

- and of NH3 to aerosol NH4
+. In order

to synthesize the current knowledge of the processes governing the fate of inorganic nitrogen in
a consistent modeling framework, RADM was enhanced, by adding several additional modules
to represent the various atmospheric physical and chemical pathways governing the fate of
emitted NH3. These processes, their model representation, and assumptions in their formulation
are described here.  

The partitioning of reduced and oxidized nitrogen forms between the gas and the aerosol
phases is governed by thermodynamic equilibrium (Seinfeld and Pandis, 1998). To model this
partitioning, an additional process module representing aerosol equilibrium was added to the
RADM framework. This module calculates equilibrium chemical composition of the sulfate-
nitrate-ammonium-water aerosol, and is based on the work of Saxena et al. (1986) with further
modifications described in Binkowski and Shankar (1995) and Binkowski (1999). Zhang et al.
(2000) compared the performance of this thermodynamic module with other more
comprehensive approaches and found results to be comparable for the sulfate-nitrate-
ammonium-water system. 

Two additional species, representing particulate NH4
+ and particulate NO3

-, were also added
to RADM. Existing transport modules were modified to account for advective and turbulent
transport and dry deposition of these additional particulate species. The dry deposition velocities
for particulate NH4

+ and NO3
- were set to be the same as that of SO4

2- already computed in
RADM, and are based on the assumption of an internally mixed aerosol. Further, no distinction
of aerosol size was retained since inorganic particles over the continental region are primarily in
the fine aerosol size fraction. The representation of aqueous chemistry was modified to include
the participation of particulate nitrate and ammonium. Further, the cloud transport and cloud
scavenging portions of the model were modified to include the impact of these important
processes in the representation of particulate ammonium and nitrate and to include their
contribution to the eventual ammonium and nitrate wet deposition amounts. This enhanced
version of the model is termed the Extended-RADM.

RADM was developed with grids that are 80-km on a side.  More recently, a 20-km grid
covering the northeastern U.S. nested within the 80-km grid was created for Chesapeake Bay
studies as a one-way nest.  For this study, the 20-km grid was extended south to include all of
North and South Carolina. Both grids are shown in Figure C-1. The extended 20-km grid is the
principal grid used for this assessment. 

The RADM parameterization of dry deposition velocities for various gaseous species,
including NH3, is based on the resistance analog method of Wesley (1989) and is detailed in
Chang et al. (1990) and Walmsley and Wesley (1996). The value of the deposition velocity, Vd,
is dependent on three terms representing the bulk properties of the lower atmosphere and the
underlying surface: the aerodynamic resistance (ra), the laminar sub-layer resistance (rb), and the
canopy resistance (rc). For the various cases considered in this study, over most of the
continental eastern U.S. we found the mean daytime values of Vd computed using this approach
to be about 0.5-0.7 cm s-1. These estimates are considerably lower than those reported in the
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Figure C-1. Map of the 80-km grid Eastern U.S. domain with the embedded 20-km nest
covering the mid-Atlantic and midwest regions. 
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measurements discussed earlier, but cannot be verified given the lack of comprehensive
observational data on NH3 deposition velocity over the eastern U.S. These lower estimates of Vd
could be related to the computed canopy resistance (rc) in the model. The ra and rb are dependent
on prevalent meteorological conditions and standard methods for their estimation are widely
used (Wesley and Hicks, 2000). The canopy or surface resistance describes the uptake process at
the surface and in turn is dependent on the vegetative characteristics of the underlying surface,
with smaller rc for surfaces with stronger uptake. The rc paramterization in RADM was inferred
from limited deposition measurements for other species (e.g., SO2) since reliable measurements
of atmospheric NH3 were lacking. It appears that this approach results in modeled rc values
which are overestimated. To account for this overestimation and to be more consistent with
European measurements, we modified the calculation of the NH3 deposition velocity through
reducing the computed canopy resistance for NH3, by one-third. (For a description of the
European measurements see Mathur and Dennis, in press.)  Though somewhat approximate, this
simplistic approach yields Vd values in the upper range of 1-1.25 cm s-1, while retaining the
regional spatial heterogeneity in its distribution due to variations in micrometeorology, land-use,
and surface wetness (Walmsley and Wesley, 1996).

The thickness of the lowest model layer used in this study was 75 m. In Eulerian model
calculations, inadequate resolution of the lowest model layer thickness can potentially create a
bias in the estimated dry deposition. RADM uses a constant flux regime computation to deal
with estimation of ra and takes the surface layer thickness into account (Byun, 1990 and 1991).
The turbulent flux is integrated over the lower height of the cell to compute ra. During day time
conditions, when the PBL height is high relative to the height of the lowest layer, the constant
flux concept is valid (the eddy diffusivity, Kz, near the surface monotonically increases with
height) and the bias in Vd is small and typically on the order of ±20% (Byun and Dennis 1995).
Under these conditions, ambient concentrations are relatively well mixed in the vertical; thus, the
bias in deposition due to layer thickness is small. At night, under stable conditions, the constant
flux concept may not be entirely valid, leading to ra being a factor of 2-4 too high. However,
RADM has been shown to systematically over-predict nighttime surface-level concentrations by
factors of 2 and larger (Dennis, et al, 1990a). For nighttime calculations of deposition, these two
biases are in opposite directions and to a large degree cancel each other out. Because the
nighttime Vd is typically much smaller than the daytime Vd, the overall deposition bias is
estimated to be the order of +20% to -50%. Given the large uncertainty in deposition velocity
estimates, this degree of bias is considered acceptable.

Unlike most gas phase pollutants, which are consistently deposited, NH3 is both emitted
from and deposited to land and water surfaces (Quinn et al., 1988; Asman et al., 1994). In
characterizing the air-surface exchange of NH3, several measurement studies point towards the
existence of a “compensation point” (e.g., Farquhar et al., 1979; Lemon and Van Houtte, 1980).
These studies report that, depending on whether the difference between NH3 concentrations in
the air and those in the depositing surface is positive or negative, either dry deposition to the
surface or emission from the surface could occur. This could imply that there may be no NH3 dry
deposition to surfaces that contain substantial amounts of NH3, such as fields within a few weeks
of spreading of manure or cattle-grazing meadows (Asman and van Jaarsveld, 1992). Asman and
Janssen (1987) estimated average annual reductions in NH3 deposition on the order of 20% for
such fields. Measurements from Langford and Fehsenfeld (1992) demonstrated that under
circumstances of high atmospheric NH3 concentrations, a pine forest acted as a sink, but it acted
as a source at low NH3 concentrations. These studies imply that natural vegetation may be a net
sink in the vicinity of source regions but a net source of NH3 in regions where un-neutralized
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acidic aerosols could depress gaseous NH3 concentrations below the compensation point. The
representation of this bi-directional air-surface exchange in regional models employing relatively
coarse grid resolution is challenging, however, because detailed information on land
management practices employed for the mosaic of land-use categories represented within each
coarse model grid cell is currently lacking. Further, the characterization of this net NH3 emission
from surfaces such as intensively grazed pastures and fertilized croplands requires detailed
information on local surface environmental conditions, including form of nitrogen input, NHx
status in plant leaves, nitrogen status in the soil, plant growth stage, and micrometeorology.
These conditions vary considerably spatially and temporally, are not typically well known, are
subject to significant uncertainty, and are not likely to be resolved by model grid resolution
typical of regional scale models.  In addition, our intent in this study is to characterize mean
seasonal and annual features of the distribution of NHx compounds.  We therefore ignore the
explicit treatment of such NH3 emission sources, except where they are already accounted for in
the base inventory (e.g., fertilized croplands). 

2. Development of Annual Averages
The Extended RADM is very computationally intensive because it predicts hourly

photochemistry.  Although recent advances in computational technology and computer code
optimization have enabled the application of regional models over monthly to seasonal scales,
their applications to study long-term pollutant behavior and deposition patterns over several
seasonal and annual cycles challenge the practical limits of current computer resources.
Aggregation techniques are available that combine into seasonal and annual totals a limited
number of episodic estimates representing a variety of meteorological cases.  Such approaches
have emerged as useful practical methods for modeling the long-term relationships among
changing emission patterns and regional air quality and atmospheric deposition. These
techniques are based on the assumption that the atmospheric chemistry, transport, and deposition
at a given location are governed by a number of different recurring weather patterns that can be
combined to produce a realistic estimate of annual and seasonal synoptic and chemical
climatology (Brook et al., 1995a). 

The aggregation technique used here has been previously used during the NAPAP study to
develop climatological seasonal and annual estimates of acid deposition totals (Dennis et al.,
1990b). The approach involves the selection of a set of events for model simulations that are
representative of the cross section of synoptic conditions occurring on a climatological annual
cycle. Meteorological cases of 5-day durations during the 1979-1983 period were grouped by
wind flow patterns through cluster analysis and sampled proportionate to their frequency of
occurrence as detailed in Brook et al. (1995a, b). A total of 30 cases constitute the aggregation
sample.  The precipitation predicted for each case within a cluster was adjusted to the long-term
mean precipitation for that cluster to estimate average deposition. This procedure was selected
because the spatial pattern of precipitation during an individual event will not necessarily
resemble the cluster average. The aggregation method produces a climatological average of
transport and deposition representative of the transport of the 1980s and the seven-year average
precipitation of that period. This precipitation average approximates well the 30-year normal
precipitation. 
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Table C-1. Seasonal correction factors to the
1985 NAPAP ammonia emissions
inventory developed for the Extended
RADM

Season Factor

Summer 4.9
Fall 1.32
Winter 1.31

3. Defining an Applications Version of the Extended RADM
To account for the low bias in the NH3 emission estimates for the U.S. from the 1985

NAPAP inventory, we developed seasonal correction factors for NH3 emissions through
successive applications of the Extended-RADM and systematic comparisons with observed data. 
This simple “brute-force” inversion analysis allowed us to develop a seasonal modeling
inventory for NH3 that, as will be discussed subsequently, provides model results that are
consistent with observed values for both ambient atmospheric concentrations and wet deposition
amounts. We adjusted the NH3 emission fields input to the Extended-RADM through successive
model application and comparison with a suite of ambient and wet measurements. In these
analyses, we included comparisons of model results against measurements of ambient levels of
HNO3, SO4

2-, NO3
-, and NH4

+ and wet deposition amounts of SO4
2-, NO3

-, and NH4
+, but gave

more weight towards satisfying three specific criteria: 1) the adjustment in NH3 emissions should
not disturb the modeled ambient and wet deposition for sulfate through perturbations in cloud
pH-related oxidation pathways, such as through ozone oxidation, 2) since NH3 provides a
pathway for formation of particulate NO3

-, the predicted ambient NO3
-/(HNO3+ NO3

-) ratio
should retain the spatial regional signature indicated by measurements, and 3) any bias structure
in modeled NH4

+ wet deposition should be similar to that for SO4
2-and NO3

- wet deposition. This
approach provided a physically-based, self-consistent constraint for potential growth in NH3
emissions as opposed to a purely empirically based one in which NH3 increases are dictated
solely by discrepancies between model and observed ambient NHx levels without accounting for
other modeled species.

Table C-1 presents the resulting
estimated domain mean seasonal
adjustment factors for NH3 emissions in
the NAPAP inventory. The estimates are
representative of the late 1980's to early
1990's period of ammonia emissions. 
These results suggest that on an annual
basis, the 1985 NAPAP NH3 emissions
inventory was a factor of 2.75 too low,
confirming suspicions of previous studies
(e.g., Chang et al., 1990) and giving
annual emissions rates consistent with
EPA’s 1990 National Emissions Inventory. Additionally, the adjustment factors showed a
pronounced seasonal variation and yielded maximum NH3 emissions during summer, followed
by spring, fall and winter. These trends are in agreement with recent NH3 flux measurements
reported by Aneja et al. (2000), who observed similar seasonal variation in NH3 emissions from
waste storage and treatment lagoons. It should be noted, however, that since the ambient and wet
deposition measurements used in our simple inversion analysis were for the late 1980s to early
1990s period, the magnitude of regional estimated NH3 emissions should be taken as
representative emissions only for that period. Also, since the method only scaled the emissions
based on a fixed inventory, growth in local NH3 emissions was only captured to the extent that
they were detailed in the base inventory. The seasonally-adjusted NH3 emissions were used in
the model simulations.  For this study, the NH3 emissions were kept constant at the effective
1990 levels. 
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4. Comparison of Model Predictions with Measurements
The development, application and evaluation of RADM, which formed the basis for the

Extended RADM, has been documented extensively by NAPAP (Chang, et al. 1987, Chang, et
al., 1990 and Dennis, et al., 1990a). RADM continued to undergo periodic peer review,
evaluations and improvements since completion of the NAPAP assessment in 1991 (Dennis, et
al., 1993; McHenry and Dennis, 1994; Cohen and Dennis, 1994; External Review Panel, 1994;
Eder and LeDuc, 1996; Eder, et al., 1996). RADM has been used in more recent U.S. EPA
studies of acidic deposition (e.g. U.S. EPA 1995), assessments of fine particle mass and light
extinction, and assessments of deposition of nitrogen to coastal estuaries (Dennis 1997, U.S.
EPA 1997).  Here are presented comparisons specifically for the Extended RADM. 

a. Annual deposition and ambient concentrations
To assess the performance of the Extended-RADM, annual predictions of both ambient

concentrations and wet deposition amounts were compared with measurements from the Clean
Air Status and Trends Network (CASTNet; CASTNet 2002) and precipitation chemistry data
from the NADP (2002), respectively. To develop climatologically-representative measurements
to compare with aggregated model results, we used several years of measurements from the
CASTNet (1988-1992) and NADP (1984-1993) networks. Recognizing the intrinsic bias in using
a small sample of precipitation events to approximate average rainfall (since no single storm
event can replicate long-term average rainfall patterns), the modeled wet deposition amounts
were scaled by climatologically observed precipitation within each model grid cell following the
approach of Dennis et al. (1990b); these were then compared with measured wet deposition
amounts. For the comparisons reported here, measurements from 44 CASTNet sites and 124
NADP sites located within the model domain were used. A 75% completeness criterion was used
for averaging the ambient measurements from CASTNet. To minimize possible bias arising from
missing data, a more stringent 90% completeness criterion was used in accumulating the NADP
deposition measurements. Both networks have excellent spatial coverage across the eastern U.S.
as shown in Figure C-2 and thus the comparisons provide an opportunity to assess the
performance of the model in capturing the spatial variability in both ambient levels and wet
deposition amounts.

The degree of correspondence between the modeled and measured ambient concentrations
and wet deposition amounts was examined for various species both on a climatological annual
and seasonal basis. In the subsequent discussion, we use the term correlation to denote this
degree of correspondence between the model and measurements. Figure C-3 presents scatter-
plots of the relationship between model predicted climatological annual averages and
corresponding measurements of ambient concentrations and wet deposition amounts for selected
ions that are important in determining aerosol composition and wet deposition amounts in the
eastern United States. A summary of the comparisons in Figure C-3, plus additional comparisons
between model- predicted, climatological annual averages and NADP and CASTNet
measurements, is given in Table C- 2. 
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Figure C-2. Map of the Extended RADM Domain showing locations of the two monitoring
networks, NADP and CASTNet, and their spatial coverage.
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Figure C-3. Comparison of model simulated annual climatological averages with
measurements: panels a to c are comparisons of ambient levels with
CASTNet data; panels d to f are comparisons of wet deposition amounts
with NADP data.  The solid line indicates the 1:1 relationship, dotted
lines indicate 1:2 and 2:1 comparison bounds as aids for judgment. Slope
and coefficient of determination (r2) of the correlation between model
and observed are indicated in each panel. 
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Table C-2. Summary of comparisons between predicted and measured values of wet
and dry deposition.  

NADP Wet Deposition

SO4
= Ext.RADM = 1.21 x NADP r2 = 0.73,     (n=124)

NH4
+ Ext.RADM = 1.17 x NADP r2 = 0.36,     (n=121)*

NO3
- Ext.RADM = 1.17 x NADP r2 = 0.64,     (n=124)

CASTNet Ambient Concentrations

HNO3 Ext.RADM = 1.37 x CASTNet r2 = 0.36, (n=44)

HNO3 + NO3
- Ext RADM = 1.41 x CASTNet r2 = 0.61, (n=44)

NO3
- Ext.RADM = 1.28 x CASTNet r2 = 0.63, (n=44)

NO3
-/( HNO3 + NO3

-) Ext.RADM = 1.04 x CASTNet r2 = 0.47, (n=43)

NH4
+ Ext.RADM = 1.25 x CASTNet r2 = 0.60, (n=41)

* with the four outliers removed

In general, with the exception of NH4
+ wet deposition, good agreement for model predicted

annual estimates are noted, with r2 in the range of 0.6-0.7 for both ambient concentrations
(Figure C-3a-c) and wet deposition amounts (Figure C-3d-f). These correlations are reasonable,
given that they are based on comparing grid-averaged values with point measurements (Schere,
1988; McKeen et al., 1991). It is difficult for a grid model operating from first principle
descriptions of the processes, combined with comparing its grid predictions with point
measurements, to achieve correlations greater than 0.7 (r2 = 0.49). The poor r2 for wet NH4

+

deposition (Figure C-3e) results from discrepancies between model and measurements at a few
sites characterized by relatively large model over- and under-predictions, though the overall
correlation was good (without the four outliers, the r2 = 0.36). Since similar outliers were not
noted for SO4

2- and NO3
- wet deposition, these discrepancies in NH4

+ wet deposition can be
attributed primarily to large uncertainties associated with spatial variability of NH3 emissions in
the inventory. As discussed earlier, the NH3 emissions correction factors are intended to be
regionally representative and do not account for local spatial variability in the emissions. Thus, if
a particular source category is missing in the base inventory, the corrected emissions would still
be under-estimated. Consequently, poor estimation of local NH3 emissions can contribute to
local poor prediction of wet NH4

+ deposition. More recent modeling studies of NH3 indicate that
large uncertainty in NH3 emissions can significantly affect model performance, supporting this
conclusion (Gilliland 2001).  For HNO3 during the warm half of the year when the spatial signal
is more pronounced due to more active photochemistry, the r2 is 0.52, more comparable to wet
nitrate deposition.  For ambient NO3

- during the cold half of the year when its spatial signal is
more pronounced, the r2 is 0.71. The r2 of 0.61 for total nitrate (HNO3 + NO3

-), for which there is
less concern about measurement bias, is reasonable and the partitioning of total nitrate is
basically unbiased, with an acceptable r2 of 0.47.  Thus, we believe the Extended RADM to a
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sufficient degree is capturing the spatial patterns in annual wet deposition, ambient
concentrations and partitioning of key species.

b. Growing season ozone
The ozone predictions of relevance for ozone exposure analysis relate to the distribution of

ozone during the growing season, rather than a seasonal average, because it is largely an hourly
exposure above a defined threshold (e.g., 60 ppb) that is of concern. The ozone analysis for this
assessment focused on daylight hours, for which the model does best and when ozone levels
dominate the overall exposure. The model has a large nighttime bias (Byun and Dennis, 1995;
Dennis et al., 1990a), but this is less relevant to estimation of the effects of ozone exposure
because the plant stomata are more frequently closed at night. Daytime ozone predictions
provide the most reliable indicators of change in ozone exposure .  A concentration distribution
of hourly ozone can be constructed for the Extended RADM to represent exposure during the
growing season, using a warm-season subset of the aggregation cases. The daytime (8 a.m. to 8
p.m.) hourly ozone distribution from the Extended RADM, defined by the decile cutpoints, is
compared to the daytime hourly and daytime maximum ozone distribution observed at SHEN
across several years (1989-1995) in Figure C-4. The model distribution is in excellent agreement
with the shape of the observed distribution, and is biased high by only about 10%. The model
distribution is more similar to the high ozone years observed at SHEN and is between the
maximum year distribution and the daily maximum distribution. These distributions are all quite
similar because the diurnal ozone pattern is broad with little amplitude.  Most of the range in the
distribution comes from synoptic differences among days. The extent of agreement is unusually
good.  

Figure C-4. Comparison of the growing season daytime (8 a.m. - 8 p.m.) ozone distribution
predicted by the Extended RADM with the average distribution observed in
SHEN from 1989 to 1995, the distribution for 1991, and the 1989 to 1995 daily
maximum ozone distribution. 
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Given this degree of agreement, the Extended RADM should provide a reasonable vehicle
for estimating changes in ozone exposure above a defined threshold for the growing season. It is
key that the model does an adequate job of estimating the change in the upper end of the
distribution. We should take into consideration, however, the observed 10% bias in the modeled
ozone distribution.  Also, we should consider that the system is potentially nonlinear in its
response at different points along the distribution, in part because the number of hours per day
above the defined threshold is not constant, but is itself a distribution. A representative threshold
for the exposure change calculations from the model would not necessarily simply be the same
threshold as defined for the ecological models. As demonstrated in the assessment calculations,
the change in overall exposure-hours is dominated by the change in number of hours, rather than
the change in the daily maximum ozone. Therefore, a threshold should be defined that best
represents the overall pattern of hours above threshold.  This was done for the Extended RADM.
Several modeled hours-above-threshold distributions, using several model thresholds, were
compared with the observed distribution above 60 ppb. The model hours-above-threshold
distribution that was found to have a good match with the observed distribution of hours above
60 ppb, be consistent with the 10% bias, and show stable response across the emissions changes
was a model threshold of 65ppb. The modeled (threshold = 65ppb) and observed (threshold =
60ppb) distributions are shown in Figure C-5. Thus, 65 ppb ozone was the threshold used with
the Extended RADM in this assessment to best represent change in exposure associated with a
“real world” threshold of 60ppb used by the ecological models. If the ecological model exposure
threshold were to be changed, this procedure with the Extended RADM should be repeated to
develop a new representative threshold. We believe the comparisons are sufficiently in
agreement that this approach with the Extended RADM is reasonable and appropriate for the
growing season exposure-hour calculations. 

Figure C-5. Histogram of the number of growing-season daylight hours (8 a.m.-8 p.m.) within
a day for which the defined threshold is exceeded for SHEN.  Extended RADM
O3 threshold = 65 ppb, measurements O3 threshold = 60 ppb. Extended RADM
calculations are shown for the three cells covering the northern, middle and
southern portions of SHEN.  
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